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The ability to create atomically perfect, lattice-matched heterostructures of complex perovskite oxides using state-of-the-art thin fi lm growth techniques has generated new physical phenomena at engineered interfaces. The emergence of interesting behavior at interfaces between materials with coupled spin and charge degrees of freedom is fascinating from a fundamental perspective as well as for applications. In particular, the control of ferromagnetism with an electric fi eld could lead to new applications in magnetic data storage, spintronics, and highfrequency magnetic devices which do not require large currents and magnetic fi elds for operation. In turn, such modalities of operation may pave a pathway for lower power/energy devices and smaller feature sizes. [1] [2] [3] Multiferroics, such as BiFeO 3 (BFO), which simultaneously exhibit multiple order parameters such as magnetism and ferroelectricity, offer an exciting way of coupling phenomena by utilizing the intrinsic magnetoelectric coupling in such materials in which the electric polarization is controlled by applied magnetic fi elds or magnetism by applied electric fi elds. [4] [5] [6] [7] BFO is an antiferromagnetic, ferroelectric multiferroic with a Curie temperature of 820 ° C and a Néel temperature of 370 ° C, [ 8 , 9 ] which makes it appealing for room temperature applications. Various studies have focused on the control of the ferroelectric domain structure, the domain switching mechanisms and the coupling between ferroelectric and magnetic order parameters in BFO. [ 10 ] Another pathway to magnetoelectric control is the utilization of two different types of coupling in a heterostructure. The intrinsic magnetoelectric coupling in a multiferroic material, such as BFO, will allow for electrical control of antiferromagnetism, while subsequently the extrinsic exchange coupling between this antiferromagnet and an adjacent ferromagnetic material will create new functionalities. Exchange anisotropy, or bias, describes the phenomena associated with the exchange interactions at the interface between an antiferromagnet and a ferromagnet. Exchange bias has been used in a wide variety of applications including permanent magnets, recording media, and domain stabilizers in recording heads based on anisotropic magnetoresistance. [ 11 ] Exchange bias heterostructures based on multiferroic materials, including YMnO 3 , [12] [13] [14] and BFO, [15] [16] [17] [18] have shown that strong exchange interactions can be demonstrated in a static manner using multiferroic antiferromagnets. Switching of local ferromagnetism with an applied electric fi eld has been demonstrated for heterostructures based on metallic ferromagnets (i.e., Co 0.9 Fe 0.1 or Ni 0.81 Fe 0. 19 ) and multiferroics such as BFO [ 19 , 20 ] and YMnO 3 . [ 21 ] Recently, reversible electric control of exchange bias was also shown for an all oxide heterostructure consisting of BFO and La 0.7 Sr 0.3 MnO 3 (LSMO), [ 22 , 23 ] where epitaxial growth gives rise to a coherent chemical structure across the interface that can greatly enhance the nature of the coupling. The physical properties of the BFO-LSMO interface have been studied in detail to demonstrate a local ferromagnetic state related to electronic orbital reconstruction [ 24 ] as well as an antiferrodistortive phase transition. [ 25 ] The atomic control of the interface determines the interfacial coupling and, therefore, strongly infl uences the bulk ferroelectric polarization in the thin fi lm. [ 26 ] However, so far, the size limits to such interfacial coupling, both on the ferromagnet and the antiferromagnet side, is lacking. Particularly, the co-evolution of ferroelectricity and antiferromagnetism in the BFO and their infl uence on the magnetic coupling at the interface remains unexplored. This is the central focus of this study.
COMMUNICATION
Here, we have used the concept of oxide heteroepitaxy for creating such artifi cially engineered interfaces to determine the critical limit of the individual multiferroic and ferromagnetic materials for generating interfacial exchange bias coupling. Aided by in situ monitoring of the growth, high-quality, atomically precise heterointerfaces have been produced with unit cell control of the respective multiferroic and ferromagnet layer thicknesses. Systematic analysis of the magnetic hysteresis loops allowed us to detect exchange bias coupling down to 5 unit cells (2.0 nm) in epitaxial BFO fi lms.
Heterostructures of the ferromagnet LSMO and the multiferroic BFO were fabricated by pulsed-laser deposition while moni toring the growth process by refl ection high-energy electron diffraction (RHEED) ( Figure 1 a) (see the Experimental Section for the deposition parameters). The surface structure and underlying ferroelectric domain structure were analyzed using piezoresponse force microscopy (PFM) and indicated the presence of stripe-like ferroelectric domains in fi lms thicker than 30 nm (separated by 71 ° domain walls) in the BFO (Figure 1 b) as shown in previous studies. [ 27 , 28 ] The polarization of the asgrown BFO layer was oriented downwards. The polarization in all BFO fi lms, from 50 nm down to 2.0 nm, was found to be repeatedly and reproducibly switchable. [ 29 ] Structural measurements by X-ray diffraction reveal single phase, fully epitaxial layers of LSMO and BFO, which were strained in-plane to the STO (001) substrate. Figure 1 c shows the presence of Kiessig fringes alongside the BFO 002-diffraction peak indicating a highly ordered crystalline sample with a very smooth interface and surface. The atomic and chemical confi guration at the BFO/LSMO interface was studied with high angle annular dark-fi eld (HAADF) imaging and spatially-resolved electron energy-loss spectroscopy (EELS) in a scanning transmission electron microscope (STEM), not shown here. Detailed results demonstrated sharp interfaces with a local increase in the pseudo cubic c lattice parameter in the fi rst few unit cells of BFO adjacent to the interface, indicating an antiferrodistortive phase transition. [ 25 , 30 ] The magnetic properties are shown in Figure 2 a with a typical magnetization curve at 10 K for a 25 nm BFO/5 nm LSMO heterostructure with the magnetic fi eld (B) applied along the [100] direction of the heterostructure after magnetic fi eld cooling from above the T C of the LSMO (360 K) to 10 K at + 1 Tesla (red) and − 1 Tesla (blue). As a comparison, the magnetization curve of a single 5 nm LSMO layer (black) is also shown. [ 31 ] The BFO/LSMO heterostructure exhibits, at low temperatures, a clear enhancement of the coercive fi eld (H C ≈ 150 Oe) as compared to a single LSMO layer (H C ≈ 40 Oe) on STO (001) substrates and a ≈ | 40 | Oe shift of the hysteresis loop (exchange bias) is also observed. The shift of the hysteresis loop is opposite to the direction of the cooling fi eld, as expected from conventional exchange bias behavior, and suggests ferromagnetic alignment between the pinned, uncompensated spins in the antiferromagnet and the spins of the ferromagnet. [ 11 , 32 ] An alternative mechanism, driven by the intrinsic Dzyaloshinskii-Moriya interaction and ferroelectric polarization, has also been reported. [ 33 ] More detailed analyses of the temperature dependence of the observed coercive fi eld (H C ) enhancement and exchange bias shift (H EB ) are given 
is interesting and is also consistent with prior work on the role of intermediary layers on exchange coupling in conventional exchange coupled systems. [ 37 , 38 ] A clear thickness dependence of the exchange bias interactions in the BFO/LSMO heterostructures is observed as the thickness of the ferromagnetic LSMO layer is varied ( Figure 3 ). The H EB and H C enhancement at 10 K are shown together with the magnetic transition temperature (T C ) for both the BFO/ LSMO heterostructures and for single LSMO layers as a function of the LSMO layer thickness. The exchange bias fi eld is inversely proportional to the thickness of the ferromagnetic layers, see inset in the top panel of Figure 3 a, which is in good agreement with previous studies on conventional exchange bias systems. [ 11 ] For single LSMO layers down to a thickness of 5 nm the coercive fi eld is very small and the transition temperature is above room temperature, see middle and bottom panel. When the LSMO thickness is decreased below 5 nm the coercive fi eld as well as the transition temperature change drastically. This is generally interpreted by considering a strain-induced distortion of MnO 6 octahedra based on the Jahn-Teller distortion theory. [ 39 ] A recent study on ultrathin LSMO fi lms has demonstrated bulk-like transport/magnetic properties down to a thickness of 5 nm before the metallic behavior progressively changed over to semiconducting ( ≈ 32 Å) and the disappearance of ferromagnetism ( ≈ 12 Å). [ 31 ] It is important to note that the exchange bias coupling in BFO/LSMO heterostructures is fundamentally different from what has been reported in prior studies for metallic ferromagnets in contact with BFO. [ 17 , 18 ] For both cases (all oxide and oxide antiferromagnet-metallic ferromagnet heterostructures), studies on the (001) surface of BFO, which is a fully compensated surface, are expected to exhibit no exchange bias when minimal magnetic disorder as well as structural disorder [ 40 ] is present. Thus, another source of the pinned uncompensated spins is required to create exchange bias. In the case of heterostructures based on conventional ferromagnets [i.e., Co 0.9 Fe 0.1 (CoFe)] that are exchange coupled to BFO, the ability to directly tune this exchange interaction by controlling the underlying domain structure of the BFO fi lm has been observed. [ 17 , 18 ] By controlling the growth rate of the BFO layer, prior studies have shown the ability to make so called stripe-like (possessing predominantly 71 ° domain walls) and mosaic-like (possessing a large fraction of 109 ° domain walls) BFO fi lms and a direct correlation between the magnitude of the exchange bias and the density of certain types of domain walls was observed. [ 18 ] This effect is not observed in these BFO/LSMO heterostructures. Regardless of the BFO domain structure, similar exchange bias shifts are observed at temperatures less than 120 K. This low temperature turn on of the exchange bias is yet another important difference between the BFO/LSMO heterostructures and the previously studied Co 0.9 Fe 0.1 /BFO system that points to a fundamental difference in the nature of exchange coupling. Temperature dependence studies of Co 0.9 Fe 0.1 /BFO heterostructures showed no observable change in the magnitude of exchange bias as a function of temperature from 300 to 10 K regardless of the underlying BFO domain structure. This difference can be ascribed to the presence of a local ferromagnetic state [ 24 ] at the BFO-LSMO interface as well as an antiferrodistortive phase transition. [ 25 ] in Figure 2 b and 2 c, respectively. At higher temperatures the magnetic properties are determined by the thin (5 nm) LSMO layer and no difference can be observed between the heterostructures and the single layer. Although coercive fi eld enhancement is visible for all cases below 250 K, the BFO/ LSMO heterostructures show a much more drastic increase in H C , which becomes a factor of 4 larger than the LSMO single layer at 10 K (Figure 2 b) .
To differentiate the role of strain, doping, and magnetic interactions in changing the coercive fi eld, we have studied several types of heterostructures. The temperature dependence of the coercive fi eld of a PbZr 0.2 Ti 0.8 O 3 (PZT)/LSMO heterostructure is shown in grey in Figure 2 b. The PZT/LSMO heterostructure also shows an enhancement in H C , compared to the single LSMO layer, consistent with prior studies. [ 34 ] It is, however, important to note that at all temperatures, the BFO/ LSMO heterostructures show a larger H C compared to the PZT/LSMO heterostructures, hinting at an additional contribution from magnetic interactions across the interface, as the effective polarization is similar in this direction. These BFO/ LSMO heterostructures also exhibit a clear exchange bias shift, which vanishes above ≈ 100-120 K (Figure 2 c) , suggesting the existence of a blocking temperature, [ 11 ] which is signifi cantly lower than the ferromagnetic T C of the LSMO fi lm (measured to be ≈ 320 K in these 5 nm thin fi lms). It is interesting to note that this blocking temperature corresponds closely to the temperature above which spin polarization, as measured by photoemission, is lost in LSMO [ 35 ] as well as the vanishing of tunnel magnetoresistance in LSMO/STO/LSMO tunnel junctions. [ 36 ] Although exchange bias interactions are observed between LSMO and BFO, it is not present in the case of a single LSMO layer or PZT/LSMO heterostructure. The fact that the exchange bias shifts are only observed in heterostructures of the ferromagnet LSMO together with the ferroelectric/ antiferromagnetic BFO and not with the ferroelectric PZT points to the integral role that the antiferromagnetic properties of the BFO play in determining the properties of such heterostructures.
In order to explore this further, we introduced a thin nonmagnetic STO spacer layer of 2, 4, or 10 unit cells (0.8, 1.6, and 4 nm, respectively) in between the BFO and LSMO layers; in addition, we also prepared STO/LSMO heterostructures, with the BFO completely replaced by a similar thickness of STO. The results of these experiments on the coercive fi eld as well as the exchange bias are included in Figure 2 b and c. It is fascinating to note that even with only 2 unit cells of STO between the LSMO and BFO, the coercive fi eld drops to a value very close to that observed for the LSMO/PZT heterostructure. Further increases of the STO thickness has a minimal further effect on the coercive fi eld. Additionally, when the BFO is not present (i.e., a STO/LSMO heterostructure), we observe another drop in the coercive fi eld to a value close to that of the pure LSMO layer. Most importantly, in all cases, we observe no exchange bias when a STO interlayer is present, clearly indicating that the non-magnetic STO layer has magnetically decoupled both layers and eliminated the contributions of uncompensated spins at the interface and prevents exchange bias coupling, see Figure 3 b shows a clear thickness dependence of the exchange bias coupling on the variations in thickness of the antiferromagnetic BFO layer. The exchange bias shift H EB decreases monotonically with decreasing BFO layer thicknesses with the absence of any peak-like feature at the critical thickness. This has been theoretically modeled to result from a high conversion factor, i.e. high interfacial ordering, [ 46 ] which suggests a close to perfect BFO/LSMO interface with low disorder, in good agreement with STEM-EELS analysis of the interface. [ 25 , 30 ] In contrast to the exchange bias shift H EB , the observed coercive fi eld H C remained high for all BFO thicknesses. As the magnetic transition temperature T C is determined by the constant ferromagnetic LSMO layer of 5 nm, no variations are observed.
Experimentally it is found that a reduced antiferromagnetic BFO layer thickness will lower the blocking temperature below which exchange bias coupling occurs, see Figure 4 . For a fi xed antiferromagnetic layer thickness, there exists a critical value The theoretical expression for exchange bias coupling predicts that there is a critical thickness for the antiferromagnetic layer below which the exchange bias cannot exist. [ 41 ] Below this critical thickness the interfacial energy is transformed into coercivity. Above the critical thickness the exchange bias increases as a function of the antiferromagnetic layer thickness, reaching the asymptotic (ideal) value for exchange bias when the thickness is infi nite. This has been experimentally demonstrated for conventional metallic systems [42] [43] [44] and can be qualitatively understood within the Meiklejohn and Bean model. [ 45 ] When the hardness of the antiferromagnetic layer is reduced, the antiferromagnetic spins will rotate under the torque created by the ferromagnetic layer through the interfacial magnetic coupling. The shape of the exchange bias as function of antiferromagnetic thickness, however, can be different from one system to another depending on the anisotropy of the antiferromagnet, the interfacial exchange coupling parameter and the interfacial ordering. [ 46 ] 
In summary, we have studied exchange bias coupling in BFO/LSMO heterostructures for variable thicknesses of the individual multiferroic and ferromagnetic layers. For thick multiferroic BFO layers the exchange bias fi eld is inversely proportional to the thickness of the ferromagnetic layers, which is in good agreement with previous studies on conventional exchange bias systems. Furthermore, for ultrathin multiferroic BFO layers a critical thickness of 2 nm, i.e., 5 unit cells, was determined below which the exchange bias cannot exist. As previous studies have shown that the ferroelectric polarization remains present in these BFO/LSMO heterostructures even down to BFO thicknesses of only 4 unit cells, the evolution in antiferromagnet behavior of the multiferroic BFO layer determines the interfacial exchange bias coupling. The dependence of the antiferromagnetic ordering on the BFO layer thickness was demonstrated by LD-XAS, which showed a strongly reduced linear dichroism for ultrathin BFO layers. In conclusion, an ultrathin limit of 2 nm was determined for the multi ferroic BFO layer thickness, above which exchange bias coupling to the ferromagnetic LSMO layer will occur.
Experimental Section
Epitaxial heterostructures of the ferromagnet LSMO and the multiferroic BFO were grown by pulsed-laser deposition with variable layer thicknesses in the range of 2 to 50 nm. TiO 2 -terminated SrTiO 3 (STO) (100) substrates have been used, which were prepared by a combined HF-etching/anneal treatment, [ 48 ] exhibiting an atomically smooth surface with clear unit-cell-height steps. All substrates had vicinal angles of ≈ 0.1 ° . Stoichiometric LSMO and BFO targets were ablated at a laser fl uence of 1.5 J cm − 2 and a repetition rate of 1 or 2 Hz for the growth of LSMO and BFO, respectively. During growth, the substrate was held at 750 ° C in an oxygen environment at 200 mTorr for LSMO, [ 31 ] while for BFO the conditions were adjusted to 670 ° C and 100 mTorr. [ 18 ] RHEED analysis demonstrated intensity oscillations indicating layer-by-layer growth mode for the total LSMO layer, while a transition from layer-bylayer growth to step-fl ow growth was observed during the initial growth of BFO. This resulted in a controlled, very low roughness surface without any island formation. This was supported by the continuous presence of only 2-dimensional spots in the corresponding RHEED patterns, for the antiferromagnetic anisotropy for which the exchange bias coupling can exist. [ 11 ] Considering that the antiferromagnetic anisotropy increases steadily below the Néel temperature, this results in blocking temperatures of about 120 K for thick BFO layers. While for thinner BFO layers the critical value for the antiferromagnetic anisotropy is achieved at correspondingly lower temperatures. Figure 4 shows the decrease of the blocking temperature from 120 to 40 K when the BFO layer thickness is reduced from 25 to 3.6 nm. X-ray absorption spectroscopy (XAS) spectra were recorded at the Fe-L 2,3 edge corresponding to the 2p to 3d dipole transition in order to study the evolution of antiferromagnetism in these ultrathin BFO fi lms. The spin-orbit interaction of the Fe 2 p core hole splits the spectrum into two broad multiplets, the L 3 (2p 3/2 ) edge at lower photon energy and the L 2 ( 2p 1/2 ) edge at higher photon energy. Using linearly polarized radiation, two spectra can be measured when the polarization vector is set parallel to the crystallographic c -axis or perpendicular to it (I c and I ab , respectively). [ 47 ] The difference between those spectra (I ab − I c )/(I ab + I c ) provides the linear dichroism (LD) values, which originates from anisotropies in the spin and charge of the material. In the case of BFO an additional ferroelectric contribution can be expected besides the antiferromagnetic order. However, previous characterization of the ferroelectric properties of these BFO/LSMO heterostructures have demonstrated the presence of a constant ferroelectric polarization in this BFO thickness range. [ 29 ] Therefore, analysis of linear dichroism in these heterostructures gives direct insight into the evolution of the antiferromagnetic ordering. LD-XAS measurements were performed on BFO/LSMO heterostructures with variable BFO layer thicknesses between 2 and 50 nm. The dependence of the linear dichroism, i.e., antiferromagnetic ordering, on the thickness of the BFO layer is shown in Figure 5 together with the evolution of the exchange bias coupling. A close relationship between the enhanced antiferromagnetic ordering in the multiferroic BFO layers and the increasing exchange bias coupling can be observed for thicker BFO layers within the BFO/LSMO heterostructures. 
